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RESEARCH MEMORANUDM

EXPERIMENTAL|INVESTIGATION AT MACH NUMBERS 1.88, 3.16, AND 35.83 OF
PRESSURE DRAG OF WEDGE DIVERTERS SIMULATING BOUNDARY~
LAYFR-REMOVAL SYSTEMS FOR SIDE INLETS

By Thomes G. Plercy and Harry W. Johnson

SUMMARY

An experimental investigation was performed at Mach numbers of
1.88, 3.16, and 3.83 to determine the pressure drag of various wedge
dlverter configurstions applicable to boundary-layer removel shead of
slde Inlets. A turbulent boundary layer was generated on a flat plate,
and several wedges were immersed ln the boundary layer beneath splitter

plates simulating typlcal slde Inlet installations.

Parameters investigated included sweep of the splitter plate, wedge
1ncluded angle, wedge thickness in relation to boundary-layer thickness,
and wedge location relative to the leadlng edge of the splitter plate.

Curves are presented from which mey be obtalned the pressure drag
coeffliclents of most wedge diverter-type boundary-lsyer-removal systems.
These values are appllceble to supercriticsl inlet operation.

The frictlon dreg coefficlents of several wedge diverter-type
boundary-layer-removal systems were determined at Mach number 3.16. It
was observed that the frictlon drag of those configurations msy con-
stitute a major portion of the total drag of the removal system.

INTRODUCTION

Varlous means for lmproving the performance of side inlets Dby
eliminating the influx of body surface boundary leyer lnclude different
types of boundary-layer scoop and wedge dlverter systems pleced beneath
the inlet. Among the requirements for an effective boundary-layer-
removel system are that 1t prevent the boundary layer from entering the
inlet, that 1t not generate undesirable disturbances ghead of the inlet,
and that 1t not incur excesslve dreg. 8Slnce any drag accompanying
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boundary-layer removal tends to offset the galns In thrust produced by
improved inlet performance, any realistic evaluation of side inlet per-
formance with boundary- layer removal must gccount for the removal drag
in determining the net thrust. -~ - R . R

The mejJority of published research on boundary- 1ayer ‘control for
side inlets considers scoop systems which duct the boundary-layer air
aboard the alrcraft. In many sltuations, however, it may be desired
merely to deflect the boundary layer around the inlet by means of =a
wedge diverter-type system. Although little data on the effectiveness
of wedge dlverter systems have been published (see refs, 1 and 2),
existing -information (largely unpublished) indicates that cere must be
exercised in selecting a partlculer combinetion of wedge angle and
position under the inlet to prevent the Pormation of & detached shock
wave which deflects excessive boundary- 1ayer flaw into the inlet.

The drags assoclated with a boundery-layer-diverter system.include
the pressure drag on the wedge faces and the friction drag on all sur-
faces involved in deflecting the bounahryJIayer flow. While 1t is
elso possible that additional pressure and frictlon drags due to the
diverted flow around the inlet may exist on Burfaces downstream of the
inlet, these forces evidently depend upon the Inlét &nd body configu-
ration and are not amenable to generalizaﬁion. ‘Furthermore, even the
pressure and friction drags associated with the dfverter system itself
cannot be predicted analytically because of the’ nonuniformty of the

diverted flow.

- e e e o . P

The purpose of thls experimental investigation was to determine
the pressure drag coefficients of a nunber of boundary-layer wedge
diverter systems for a similated side inlet operating supercritically.
It was found in reference 1 .that the wedge diverter pressure drag
coefficient varled-with inlet msss-flow ratiac because the diverted flow
was influenced by the externsl shock structure and the resultent inlet

flow spillsge; however, it was not deemed feasible in €his investigation

to simlete conditions peculier to Inlet operatlon at reduced mess
flow, since those conditions are evidently functions of specific inlet

geometry. ) -

Tests were conducted at Mach numbers of 1.88 and 3.16 in the 18-
by 18-inch tunnels .and at Mach number 3.83 in the 24~ by 24-inch tunnel
at the NACA lewis laboratory. The simlated diverter systems were
mounted in the turbulent boundary leayer of e flat plate.

In addition to the preesure drag coefficlents obtalned, an attempt
was made to determine the total drag end friction drag coefficients for
certain configuretions at Masch number 3.16.
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Where possible, the wedge diverter-system drags determined in these
tests are compared wlith scoop removal-system dregs obtalned in other
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investigations.
SYMBOIS
ay vedge included angle, deg
Pw - Po
Cp statlic-pressure coefficient, :
ch frictlon drag coefflclent
CDp pressure drag coefficient, de(x/c)
o]

total drag coefficilent, Cp,p + CDP

wedge length, 1in.

d width of wedge base, 3.92 1in.

h wedge height, in.

h/8 dimensionless wedge height perameter

p: axlal distence measured from splitter plate leading edge to
wedge epex, 1n.

1/d  dimensionless wedge axial position parameter

M Mech pumber

P statlc pressure

q dynamlc pressure, I%?ﬁ

Vbe ratio of veloclty in boundary lasyer to free-stream veloclity

X axlal distance measured from wedge tip, in.

y distance above surface of flat plate, in.

lsteral distance from model center line, in.
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Y ratio of specific heats, 1.40

() boundary-layer thickness, in. _

6*/6 boundery-layer form facto_; R displa.cement thickness/momentum
thickness . = - - _ e e ol R

& splitter plate sweep angle, deg

Subscripts:

w wedge

o free~stream conditlons 1/2 in. upstream of splitter plate

APPARATUS

Boundary-layer-diverter systems. - The simulsted side inlet
boundary-layer-dlverter system and the parameters investigated are
shown schematically in figure 1. These parameters incTude (1) wedge
angle, (2) ratio of wedge thickness to boundsry-layer thickness, (3)
wedge axial posltlon with respect to the leading edge of the splitter
plate, and (4) sweep of the splitter platé leading edge. Four of the
five different wedge types employed -had straight sides with included
apex angles of-16°, 289, 62°, and 180°. The £ifth wedge type had an
included epex angle of 26.4°, but its sides. Were concavély c¢ontoured in
the form of elliptical arc segments.

A splitter plate was mounted on top of each wedge configuration to
simlate the floor of a slde inlet. 8plitter plates having both un-

swept and swept leading edges were employed Bt "Mach nunmbers 1.88 and 3.83,

while at Mach 3.16 configu.ra.tions ha.vi'ng & swept splitter plate and no
splitter plate were irrvestigated. The sweep 4nglés corresponded to the
conical shock angles for 22.40, 29,20 ,' and 30° half-engle cones at Mach
nugbers 1.88, 3.16, and 3,83 a.nd were @pproxIimately 47.5°, 51°, and 53°,
respectively. The top surface of every splitter plate leading edge was
beveled 11.3° in the stream direction to provide & sharp édge. This
angle was small enough to prevent shock Jetachment at these free-stream
Mach numbers except for the swept configura.tions at Mach 1.88. In

practice, any bevel employed to thicken the splitter plate for structural

purposes might actually be on the undérside of the plate.

Pravieion was mede for lnstalling each wedge type in one or more
rearward positions with respect to the splitter plate Ieading edge.
The position of the splitter plate Jleading edge was always malnteined
14.5 inches (3.70 splitter plate width.s) downatrea.m of the 'bound.a.ry—
layer plate leading edge. )

-
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Instrumentation. - Wedges were instrumented with static-pressure
orifices at regular intervals along one wedge face. Pressures at these
stations were i1ndicated on vecuum reference mmltimanometer boards using
tetrebromoethsne at Mach number 1.88 and butyl phthalaste at Mach numbers
3.16 and 3.83. '

In the Investigation at Mach number 3.16 a row of static-pressure
orifices wes 1lnstalled 1ln the boundary-lsyer plate beneath the swept
splitter plate leading edge and eide to assist in the determination of
local momentum profiles from total-pressure and flow-angularity surveys.
Two moveble total-pressure probes were employed in these surveys.

Boundery-layer and free-stream flow characteristics. - Test-section
total pressure in each tunnel was essentlally atmospheric, while test-
section totael temperature was 150° F at Mach numbers 1.88 and 3.16 and
200° F at Mach number 3.83.

A strip of carborundum grit 1 inch in width extending across the
boundery-layer plate 1/2-inch from the leading edge caused turbulent
transition ehead of the diverter system. A total-pressure survey of
each boundaery layer in a vertical plane through the plate longltudinal
center line was mede 1/2-inch upstream of the dilverter system leading
edge statlion with the diverter system removed. The measured boundary-
layer-veloclty profiles are presented in figure 2; boundary-layer
characteristics of interest as well as the test-section free-stream
Reynolds numbers are presented in the followlng table:

Free-gtream | Boundary-layer | Boundary-layer | Reynolds number
Mach nunber, thickness, form factor, per foot
My 8, 1in. 5*/9
1.88 0.225 2.83 3.24x10°
3.16 .255 5.98 1.71
3.83 .187 8.26 1.06

Test procedure. - At each test Mach number the wedge thickness
ratlo h/8 and the wedge axial position perameter Z/d were varied
systematlicaelly for each wedge - splitter plate configuration investli-
gated. The static-pressure coefflclent at each oriflce statlon on a

Pw~Po

wedge face was computed from the equation C:p - » where D, Was

the average static pressure in the vertlcael pressure profile at that
station. The pressure drag coefficient, based on wedge projected frontal
area, was computed from the equation
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Flow-angularity and total-pregsure surveys were made in vertical
pPlanes at several stations along the splitter plate leeding edge and
side for certain configurations at Mach number 3.16. " These dste were
used in the determination of total drag and friction dra.g coefficients
for those configurations._

DISCUSSION OF RESULTS

For most configurations investigated the verticel verlation of
static pressure at each orifice station was smell except perhaps near
the wedge apex. larges gradlents of averasge stdatic pressure in the
axial direction were frequently encountered, however. Présented in
figure 3 are several illustrative axlal diatri‘bu’bion.s of static-pressure
coefficient obtained at Mach 1.88.° ' distributions for a
given wedge intluded angle varled wilth wedge h.e t parsmeter h/ & and
wedge axiel position parameter I/d. The greatest variations observed
in the investigation, however, were with wedge included angle By

The pressure drag coefficilents obtained from this investigation
ere preseunted in figures 4 to 7 as functions of wedse exial position
parameter I/d, wedge height parameter h/B, and free strea.m Mach
nugber M.

Figure 4 presents the observed variations of CDP with 1/d for

each value of h/‘c‘a investigated. Plots are presented for each Mach
number and splltter plate combination. In general, the largest value

of C for each wedge occurred when that wedge was at or near its _
most forward position; the blunt wedge groved to be an exception. While
pressure drag was found to increase with h/8 for all wedges studied,
only small differences were noted for corresponding conflgurations
employing swept and unswept splltter pletes at Msich numbers 1.88 and
3.83. Therefore, only swept splitter plate con.figurations were lnves-
tigated at Mach number 3.16.

Figure 5 presents cross plots of the dat.a. o:t‘ fiau:re 4 with

plotted as a function of h/5 at selected velues of z/a. The incredse
of. Cpy, with h/8 'is again clearly observed; also, ch increased

characteristlically with the wedge included angle. It 1s interesting

to observe that the elliptically contoured wedge, which had approximetely
the same over-all dimensions as the 62° wedge, usually incurred larger
d.rag than the 62° wedge at Mach numbers 1.88 and 3.83. The blunt, or
80", wedge generally exhiblted the largest pressure drag, a8 would be
expected. Bince the pressure drags for the curved and hlunt wedges
generally were quite large at Mach nuibers 1.88 and 2.93, only the
smaller angle wedge configurations were invéstigated at Mach number 3.186.

oo
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The pressure drsg coefficlents obialned at Mach number 3.16 for the
wedges wlthout splitter plate are compsred with the data for the com-
pareble swept splltter plate configurations in figure 6. It was found
thet pressure dreg coefflclents for the wedges alone were generally
smaller then those for the corresponding swept splitter plate configu~
rations. Unpublished studies at North American Avistion Corporstion,
later confirmed at the Lewls laboratory, have indicated that the perform-
ance of side lnlets utilizing diverter wedges without splitter plates
may prove satisfactory 1n some cases.

Figure 7 1s a cross plot of figure 5, presenting the varlation of
with free-stream Mach number for selected combinations of h/8

and 1/&. Complete curves were possible only for the smaller angle
wedges using the swept splitter plate. However, data polnts for the
curved and 180° wedges obtalned with the unswept splitter plate at Mach
numbers 1.88 and 3.83 are included. For smell velues of 1/d the drag
coefficlent CDP decreased with lncreasing Mach number. For larger

values of I/d, however, CDP wag found fregquently to ilncrease between

Mach numbers 1.88 and 3.16,  particularly at the larger values of h/8.
Unpublished date from the ILewle laboratory 8- by 6-foot supersonilc
tunnel have shown a similar pressure drag coefficlent trend between
Mech numbers 1.5 and 2.0.

On flgure 7 are also plotted values of wedge pressure drag
coefficlent for 62° wedge swept splitter plate configurations at I/d = O
actually employed as side inlet boundary-layer-diverter systems at Mach
numbers 1.88 and 2.93. These values, which are applicable only to
supercritical inlet operation, were cbtalned from cross plots of data
presented in reference 1. Although these pressure drayg coefficlents
are greeter than those for the equlvalent conflgurations in the present
investigation, good agreement of the two sets of data was obtained =zt
large velues of h/6. Btatic pressures on the downstream portions of
the wedges placed beneath the lnlets were found to be greater than
those in the same regions of comparable conflgurations in the present
investigation, especially at small values of h/B. These discrepancies
1n wedge stetic pressures and pressure drag coefflcient are In part due
to the effects on the diverted flow caused by (1) disturbences from the
inlet spike and cowl, (2) the supercritical spillage of these inlets,
and (3) a slight bevel on the underside of the inlet configuration
splitter plate leadling edges rather than on the upper side as in the
present investigetlon.

Friction drag and total drag coefficlents at Mach number 5.16. -
An effort was made to determine friction drag end totel areg coefficlents
of several swept splitter plate configurations at Mach number 3.16. For
this purpose total-pressure and flow-angulerity surveys were performed

CAEE
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in several vertical planes along the splitter plate leading edge and
side, slthough tunnel limitatlons restricted these surveys to the large
angle wedges in forward positions. These surveys I together with static
pressures on the boundery- layer plate a.long The™ surveye'd edges of the
splitter plate, were used to determine the streamilse ¢ompoiients of the
entering and leaving total momentum of the flow diverted beneath the
splitter plate. The total momentum decrement, representing the total
drag of the configuration, consisted of the wedge pressure drag and the
friction drag of the surfaces wetted by the diverted flow. Thus both
components of the totel drag coefficlent were obta.:!,ned and are presented
in figure 8. It 1s estimated that these totel drag coefficients are
accurate within 410 percent, and the friction drag coefficients, w.l.thin
+15 percent of the. indicated va.lues.

At all values of h/6 and 3/d investigated for both wedges, the
friction drag coefficlent was found to be a large part of the total drag
coefficient. At h/8 of unity the friction dreg coefficient for the
28° wedge configuration 1s approximately 3/4: of the total drag coeffi-
clent. For the 62° wedge configuration the friction drag coefficlent
represents the greater partion of total dra.g coefficlent at” low values -
of h/8, but unlike that of the 28° wedge ¢onfiguration, Tekes the
smaller contrlbutlon at larger values of _ h]% 3 eBpeeially at large -
values of 1/d. TFor both wedge types the friction drag cSefficlent in-
creases with increasing h/5 at small velues of 1/d.

A comparison of some of the wedge diverter-system drags cbtalined in
the present investigation and the drag associated with boundary-layer
removal by & scoop 1s presented in Fflgure 9. Compa.red ere the total
drags obtalned at Mach number 3.16 for the 28° and 62 wedge confilgu-
rations at . I/d of zero, with no inlet ‘present, and the drag of a .
swept leading edge scoop beneath a side inlet operating at Mach nunber
2.93 (see ref. 1). The scoop drag 1s that due to the moméntum change
of the scoop mass flow between the scoop entrance and an assumed sonlce
discharge nozzle. Experimentally cbtalned values of scoop mass flow
and total-pressure recovery corresponding to critical inlet operation
were used in the momentum computations. The. swept-scoop drag was
considerably less than the 62° wedge diverter-system drag for values
of h/& less tham 1.2. While the 28° wedge diverter-system drag was
less than that for the 62° wedge diverter system for vdlues of h/B
less than about 1.0, it was nevertheless greater tha.n the scoop drag
except at very low values Qf . h/s.

Visual flow observations. - A consideratlon of the dlisturbances
initiated Dy the wedge diverter. configurations is necessary inmasmuch es
one requirement for an effective boundary- layer-removal system is that
it not disturb the flow into the side inlet. - Any disturbances resulting
from the diverter .wedge shock and its intera.ction with the boundery .
layer may affect the flow into the inlet iFf these dlsturbences extend
ahead of the splitter plate leading edge.

e )
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Some degree of boundary-layer separation shead of the unswept
splitter plate configurations investigated at the three smallest values
of h/S was always present at Mach number 1.88, and, to a lesser ex-
tent, at the smallest value of h/B investigated at Mach number 3.83.
The primery reason for this separatlon at low values of h/B, partic-
ularly at Mach 1.88, was shock detachment from the 11.3° splitter plate
leading edge bevel. Separdation was most pronounced, however, when wedge
Z/d wes zero and wedge included angle was large, for then the wedge
detached bow wave added to the splitter plate disturbance. Although the
swept splitter plate shock was detached at Mach number 1.88, there was
no evidence of boundary-lsyer separation at these low h/5 values ex-
cept for wedge I/d of zero. Figure 10 presents schlieren photographs
of typical low h/B configurstions at Mach number 1.88 for both splitter
plates. These photographs are also representative of the observatlions
at Mach nunmbers 3.16 and 3.83.

Boundery-leyer separation ahead of the unswept splitter plate con-
figurations at larger values of h/B was observed at Mach nunbers 1.88
end 3.83 opnly at wedge 1/d of zero, except for the 180° wedge con-
flguration, which caused separation even at moderately large values of
wedge I/d because of the strong bow wave. Reflecting shock patterns
were esteblished beneath the unswept splitter plste at Mach number 1.88
for large velues of h/S when there was no boundary-lsyer separation,
but this type aof disturbance was not observed at Mach number 3.83.

Such shock patterns were never visible beneath the swept splitter plate
at any of the three Mach numbers. Representative schlleren photographs
are presented in figure 11 for large h/8 configurations at Mach
number 1.88.

It 1s possible that boundary-layer separation shead of a wedge
confliguration had some effect on the wedge pressure drag. However, an
examination of figure 4, vhich compares the pressure drag coefficlents
for both unswept and swept splitter plaste configurations at Mach num-
bers 1.88 and 3.83, does not show any consistent effect of initial
boundary-layer separation on the wedge pressure drag.

The disturbances beneath the splitter plate frequently seen in the
schlieren photogrephs conslsted of a bow wave shead of the wedge and in
certaln instances a shock pattern resulting from the disturbance at the
splitter plate leading edge. By permitting a solution of machinists'
layout blue 1n alcohol to flow onto the boundary-layer plete through s
forward plate static-pressure orifice during the test, traces of these
waves, as well as some indlcation of the flow streamlines were obtalned
as the alcohol evapcrated, leaving the blue adhering to the plate
surface.
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This flow visuallzation technique, however, has several limitations.
It should be pointed out that the fluid traces do not glve the exact
shock locetions, but rather remein somewhat upstream of the true shock
location as & result of pressure feedback thrcugh the boundary layer at
the shock, and that true shock form is probebly valid only near the
center line of the model inasmuch as the fluid patterns begin to in-
dicate streamlines rather than shock patterns as the shock weakens.
Furthermore, in the case of multiple shocks, the Tiufd GFten indicated
only the upstream shock. This occurred most trequently for configu-
rations utilizing the unswept splitter plate; the predstre rise across’
the disturbance from the splitter plate leading edge was sometimes
sufficient t0 prevent the fluigd . from.passing through to glve indicetions
of further disturbances. However, when alcdhol alone was passed through
the pressure orifice, it frequently would. penetrate the. splitter plate
disturbance and locate the wedge bow wave. ¥For cohfigurations using -
the swept splitter plate, often only the wedge disturbance was located
slnce the disturbance from the splitter plate was wesak.

Flgure 12 presents typlcal variations of the shock patterns
determined from the visuel flow technique at Mach number 3.83. Sketches
were made at the time of running and represent a8 “néarly as poseible -
the observed patterns. Figures 12(a), (b), and (c) present variations
of the shock disturbance field with wedge position, weédge included
engle, and splitter plate sweep, respectively. Very little variation
of these patterns was noted with _h/&, although there was considerable
variation with I/d. As the wedge was moved aft, the wedge bow wave
tended to separate from the splitter plate disturbance and to move aft
with the wedge. This tendency is, of course, beneficisl to side inlet
operation. Increasing the wedge included anglé (fig. 12(b)) was found
to push the wedge bow wave upstream.

Actuel photographs of some shock.disturbance traces at Mach 3.16
are presented in figure 13. It is noted that at 1/3 of O some
shock disturbance was always ahead 6f the splitter plate. This dis-~
turbance, however, was considerably reduced as the wedge included
angle was reduced. Also, the disturbance could be made to move beneath
the splitter plate by increasing l/d. Good side inlet performance
should therefore.be possible using small angle wedge diverters or
larger angle wedge diverters at values of I/d great enough to prevent
the dlverter. disturbance from entering the inlet.

CONCLUDING REMARKSB

Graphs are presented from whlch the pressure drag coefficlents of
a large nunmber of wedge diverter-type boundary-layer-rempval systems
for use with side inlets mey be estimated. ILittle dlfference was found
in the pressure drag coefficients of most equlvalent unswept and swept

<TRSRRRERy,
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splitter plate configurations. 8ince the boundary-layer-dlverter
systems 1nvestigeted were simplified to the extent that interference
effects due to the inlet external shock structure and mass-flow splllage
were eliminated, these data are most appllcable to supercritical inlet
operation at the larger values of wedge helght parameter.

Visual studies of the shock disturbances of each configuratlon
seem to Iindicate that good side inlet performsnce wlith wedge diverter-
type boundary-layer-removal systems can be cbtalned if the wedge axlial
position parameter 1s large enough to prevent those disturbances from
entering the inlet.

This Investigation indicates that the friction drag of a wedge
diverter system may constitute e mejor portlon of the total dresg of the
system. It 1s therefore evident that additional research ls needed
before a flnal evaluatlon of wedge diverter-type boundary-layer removel
can be made.

Lewls Flight Propulsion ILaboratory
National Advisory Committee for Aeronautics
Cleveland, Ohio, December 22, 1953.
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{a) Geparml arrangement. .
Figore 1. - Schematic views of wedge dlverter modal.
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(b) 28° Wedge.

Figure 13, - Continwed. Flow patternes for several wedge configuretions at free-stream
Maoh nmmber of 3.16 and wedge height parameter of 0.805.
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Tigure 15. - Concluded. Flow patterns for several wedge configurations at free-strean
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